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In studies of ultrasonic measurements of interfacial properties, it 
has previously been proposed [1] that an ultrasonic wave that produces shear 
stress on the interphase is sensitive to interphase properties. This may 
be achieved by utilization of interface waves [1,2] or guided waves in the 
bonded plates [3-5]. Another possibility is the use of obliquely incident 
ultrasonic waves for interphase evaluation, analyzing signals in the time 
or frequency domains [6-8]. 
Any technique to evaluate interfacial degradation should monitor the 
physical changes in the interfacial region. As is well known, in a typical 
adhesive joint the interfacial region consists of a layer of anisotropic 
porous oxide and primer, and a narrow region of adhesive near the oxide and 
primer which has different properties than the bulk adhesive. Degradation 
of the interface happens due to factors such as hydration of the oxide layer 
and plasticization of the adhesive near the oxide/adhesive interface due to 
absorption of water. Accompanying these physical changes is decreased stiff-
ness of this interfacial region which is called the weak boundary layer (WBL) 
since interfacial failure occurs in this layer. 
In our previous studies [9,10] we developed a physical model for angle-
beam ultrasonic evaluation of interfacial properties in adhesive joints of 
aluminum alloys. Our model included layers of anisotropic porous aluminum 
oxide, primer, a weak boundary layer and adhesive. The weak boundary layer 
simulates the degradation of interfacial properties in adhesive jOints. Num-
erical simulations and preliminary experiments on ultrasonic evaluation by 
this method were in good agreement [9,10]. 
In this work we extend our study to samples with various interfacial 
properties. Interface degradation is simulated by samples of controlled 
interfacial properties at one side of the adhesive layer in adhesive jOints. 
The degradation is indicated by a relaxation parameter in our theoretical 
model. We report a procedure to determine WT, and therefore interfacial 
degradation, from experimental data. As will be shown below, this technique 
has good potential for performing quantitative evaluation of interfacial 
degradation in an adhesively jointed part. 
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ULTRASONIC MODELS 
A schematic illustration of the model we addressed for ultrasonic eval-
uation of interfacial properties is shown in Figure 1. The adherends are 
considered as solid semispaces; this is appropriate for the short ultrasonic 
pulses used in our experiments. Such an approach has an advantage in that 
interference of ultrasonic waves in the adherend can be eliminated and there-
fore the sensitivity of ultrasonic signals to interfacial properties in-
creases. 
Properties of the A1203 layer have been studied [11,12] and a model to 
predict the elastic properties of the layer has been selected based on these 
studies. 
The weak boundary layer simulates the degradation of interfacial proper-
ties in adhesive joints. The weak boundary layer is modeled as a thin layer 
of viscoelastic fluid, whose properties, complex bulk modulus, k, and shear 
modulus ~ are given by: 
11 ( lO 2 T 2 _ i lO 2 T 2 ) (1) 1l<X>1+~ l~ 
k ko + (k - ko)~ - i lOT ) (2) 
l+lOT ~
where ~oo is the shear modulus of the viscoelastic material in the solid 
state, lOT is a relaxation parameter (lO is frequency and T is relaxation 
time), ko is the bulk modulus of the viscoelastic material in the liquid 
state, and koo is the bulk modulus in the solid state. This simulation de-
scribes the interfacial degradation by only one material parameter, lOT, 
which is to be determined from experiment. An additional parameter intro-
duced by the simulation is the thickness of the weak boundary layer, which 
is unknown but can be estimated from physical surface roughness and the 
thickness of the degraded layer. 
With reference to Figure 1, we have obtained the reflection coefficient 
for transverse wave represented in the form: 
d13 d4l - dUd43 
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Fig. 1. A physical model for angle-beam ultrasonic evaluation of interfacial 
properties in adhesive joints of aluminum alloys. 
1312 
where dij(i and j are 1,2,3, or 4) are the elements of the matrix [D], 
(4) 
Isotropic and anisotropic layers are represented by 4 x 4 matrices [a(i)] 
(i=l, ... ,n-l). The matrices [a(i)] have been introduced in reference [13]. 
The algorithm is valid if the plane of symmetry of the anisotropic (ortho-
tropic) layers coincides with the incidence plane and out of the symmetry 
axis is parallel to the interface. The matrices [B(n)] and [A(O)j are re-
lated to the elastic semispaces and have been obtained in our work. 
EXPERIMENTAL APPROACH 
We have developed a special ultrasonic goniometer to focus an obliquely-
incident ultrasonic wave technique on the interface, as shown in Figure 2. 
A transducer is positioned on the arc of a cylindrical reflector. The 
latter, which acts as a focusing lens, reflects the reflected ray from the 
interface of interest to the transducer. The goniometer is unique in its 
ability to measure interfacial signals at various incident angles with the 
use of only one transducer. Moreover, when attached to a scanning device 
the goniometer can be used to scan and examine a large, complex area. 
The samples have been made by bonding polymer film between aluminum sub-
strates. The polymer film has the properties of a cured adhesive and is 
used here to simulate an adhesive layer and to provide constant adhesive 
layer properties. The aluminum plates and the polymer film are bonded with 
a thin (20-50 ~m) interfacial epoxy layer. The properties of the interfacial 
epoxy are controlled by the percentage of curing agent added to the epoxy. 
On one side of the polymer film a mixture of 80% epoxy and 20% curing agent 
is used. This gives complete cure similar to the polymer film. On the 
other side of the polymer film, percentages of curing agent ranging from 
20% down to 0 are used in different samples to simulate the degradation of 
the interface. The "degraded" interface directly faces the transducer in 
the ultrasonic measurements; the cured interface is away from the transducer. 
Table I shows the percentages of curing agent used in the sample preparation 
and the thickness of the layers measured by a micrometer (subtracting alum-
inum and polymer layer thickness from total adhesive joint thickness). 
EXPERIMENTAL RESULTS AND DISCUSSION 
Examples of the measured spectra of the ultrasonic signals reflected 
from the interface are shown in Figure 3, where a transverse wave incident 
angle from the aluminum to the interface is 40°. The solid line is ob-
tained from a sample of 20% curing agent at both sides and the dashed line 
is obtained from a sample of 20% at one side and 0% at the other side of 
Fig. 2. Schematic of an ultrasonic goniometer for measurements with the 
obliquely-incident ultrasonic wave focused on the interface. 
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Table 1. The properties and thickness of the controlled interfacial epoxy. 
The percentage of curing agent is shown below for the interfacial region 
on the side nearest the transducer. The other side has 20% curing agent 
for all samples. 
percentage of curing agent 0 2 5 10 20 
in interfacial epoxy (%) 
WBL WT from reconstruction 0.01 0.8 3 10 100 
thickness measured by subtracting 
Al and polymer thickness 32 29 45 53 23 
from total thickness (11m) 
thickness from reconstruction (11m) 32 34 45 47 23 
========================================================================= 
the polymer film. Significant changes as the interfacial layer changes from 
the completely cured state to the uncured state can be found: (1) frequen-
cies of reflection minima shift and (2) depths of the reflection minima 
decrease. A decrease of minimum-reflection frequency as great as 1.9 MHz, 
e.g., from 8.1 MHz in a sample with 20% curing agent to 6.2 MHz in a sample 
of 0% curing agent, is observed. While almost all the minima from the 
cured interface are deepei than 10 dB, the depths of the minima from the 
uncured interface are all less than 7 dB. 
An example of the loci of minimum reflection coefficient measured from 
a fully degraded (0% curing agent) interface sample is shown in Figure 4, 
where the experimental data are shown as discrete points and the dotted 
lines are those calculated from the model using the reconstructed WT and 
thickness. 
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Fig. 3. Measured reflected spectra from interface at 40° incidence from 
aluminum (incident angle in water is 18°). The solid line is ob-
tained from a sample prepared with 20%, and the dashed line 0%, 
curing agent in the interfacial epoxy layer on one side of the poly-
mer film; the other side of both samples is completely cured. 
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DETERMINATION OF INTERFACIAL PROPERTIES 
To reconstruct the properties of this interfacial layer, namely, the 
WT and the thickness of the weak boundary layer, one can use a nonlinear 
least square algorithm, adjusting the WT and thickness to minimize the 
deviation between the calculated and measured loci of the minimum-reflection 
frequencies. The two parameters can thus be reconstructed at the same time. 
Such optimization requires a set of initial data to start the iteration. 
We will describe below a simple procedure to determine approximate values 
of WBL properties. These values can be used as results of reconstruction 
or as initial data for optimization of reconstructed properties. 
Let us examine the loci of minimum reflection again. [See, for example, 
Figure 4.] We select the angle of incidence from the aluminum to the inter-
face as 40°. This has the advantage that fewer branches exist at this angle 
and the interpretation of experimental results is thus simplified. Numer-
ical simulations have been made to find the theoretical dependence of the 
loci of reflection minima on the weak boundary layer WT and the thickness. 
The loci as a function of WT at angle of incidence 40° are shown in Fig-
ure 5a. While some of the branches are sensitive to change of WT, e.g., 
branches #2 and #5, there is a branch, branch #4, almost independent of WT. 
The dependence of the loci as a function of WBL thickness is shown in Fig-
ure 5b. Branch #2, which is sensitive to WT, is almost independent of thick-
ness. Branch #4, which was independent of WT, changes with the weak boundary 
layer thickness. 
Based on the numerical results, a reconstruction procedure can be shown 
as in Figure 6. The procedure begins by obtaining the initial WBL WT from 
branch #2 with WBL thickness estimated from surface roughness and oxide 
layer thickness. With this initial WT, the thickness can then be more pre-
cisely determined from branch #4. The WT is refined from branch #5 with 
using the reconstructed thickness. One may repeat these steps to obtain 
more precise values of WT and thickness, or one may use the above result 
for multidimensional optimization in reconstruction of WT and thickness. 
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Fig. 4. Measured loci of reflection minima at 40° incidence from aluminum 
(incident angle in water is 18°) as a function of frequency. The 
sample is prepared with 0% curing agent in the interfacial epoxy 
layer on one side of the polymer film; the other side is completely 
cured. 
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Fig. 5. Theoretical dependence of the loci of reflection minima on (a) 
the weak boundary layer WT and (b) the weak boundary layer thick-
ness. 
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Fig. 6. Algorithm to determine 
weak boundary layer WT 
and thickness. 
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Fig. 7. An example of reconstruction 
by the following steps (a) 
determination of initial WT 
from branch #2. (b) thickness 
from branch #4. (c) refinement 
of WT from branch #5. 
An example of reconstruction using the algorithm just described is 
shown in Figure 7. Figure 7a shows the first step of reconstruction, the 
reconstruction of initial WBL WT from branch #2, where the dotted line is 
calculated from the model and the open circle is the value measured from a 
2% curing agent sample. Figure 7b shows the second step, the reconstruction 
of the initial value of the WBL thickness from branch #4. The solid line is 
calculated from our model and the open circle is measured from experiment. 
Figure 7c shows the reconstruction of WT based on the thickness obtained 
from Figure 7b. The dotted line is calculated from the model and the open 
circle is measured from experiment. Using such an approach the final results 
for samples with different percentages of curing agent are summarized in 
Figure 8, where the points are the reconstructed results and the dotted lines 
are calculated from theory at the chosen incident angle 40°. The experiment-
al data are in good agreement with theory. 
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Fig. 9. A comparison of theoretical de-
pendence of loci of reflection 
minima on WBL WT at incident 
angle 48.2° (dotted line) with 
experimental data from measured 
minimum-reflection frequency at 
48.2° shown by solid squares(the-
oretical calculations were per-
formed using reconstructed weak 
boundary WT and thickness at 
40°). 
Further checking of the reconstructed result can be done by comparing 
the experimental results for the same samples at another angle of incidence. 
Such a comparison is shown in Figure 9, where the incident angle is 48.2°. 
The points are experimental data, whose frequency values are measured by 
experiment and the WT are assigned by the reconstructed values for angle 
of incidence 40°. The dotted lines are calculated from our model for angle 
of incidence 48.2°. As can be seen in the figure, the agreement is excell-
ent, indication that the reconstructed result from the above approach at one 
angle of incidence is adequate to determine WBL properties. 
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CONCLUSION 
A model of a multi-layer adhesive joint interface has been considered 
for an obliquely incident ultrasonic wave. Controllable interface degra-
dation has been simulated by differently cured thin epoxy layers between 
adherend and adhesive. It is found that some loci of reflection minima are 
independent of either the thickness or the elastic properties of the thin 
interfacial layer. This enables us to develop a simple and stable recon-
struction of the thickness and viscoelastic properties of the interfacial 
layer. 
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